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FPOREWORD

The failure of two Apollo Spacecraft Propulsion System (SPS) fuel tanks during
1966 while pressure testing with methanol prompted NASA/Manned‘Spacecraft
Center, Houston, Tbx&s, to initiate a study eimed at obtaining laboratory
verification of the cause of the tank failufes and obtaeining & quantitative
evaluation of thé expected performance of the other various Apollo tanks in
their test and service environments. As part of this study NASA requested The
Space Division of The Boeing Compény to perform an investigation of the flaw
growth charactéristics of the 6Al-LV titanium ténkage(material. This work was
performed under NASA Contract NAS 9-6665 during'fhe pveriod from November 9, 1966
to Februafy 17, 1967 and the results are reported herein. The work was
administered under the direction of Mr. S. V. Glorioso at NASA/MSC.

Boeing personnel who participated in the investigation 1nclude C. F. Tiffany,
Program Supervisor, J. N. Masters, Technical Leader, and P. M. Lorenz, reseérch
engineer. Structural testing of,specimenélwas conducted by A, A. Ottlyk and

G( E Vansféalduine. Metallurgical support was provided by R. E. Régan.

. The information contained in this document is also released as Boeing Document
. - 4 .

PR-113530-1.
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THE FLAW GROWTE CHARACTERISTICS OF 6A1-4v TITANIUM
USED IN APOLLO SPACECRAFT PRESSURE VESSELS

o ’ ‘j . ' By |
C. F. Tiffany & J. N. Masters

- : : [
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 ABSTRACT oo oo

. Plane-strain cyclic and sustained load flaw growth characteristics were

evaluated for 6Al~4V titanium forgings and weldment heat affected zones.
Investigations vere cdpducted at temperatures ranging from 65°F to 110°F

in the environments of Aerozene 50, monoﬁethylhydrazene, nitrogen tetroxide,
methanol, Freon MF, and distilled water (with and without sodium chromate
additiens) Basis for evaluation was the dete*m+“°+ivﬁ c’ threchold stress
intensity values (that KI value below which sustained load flaﬁ growth
would not oceur) in the various liquid environments. Data generated in
this report are presented in a manner which 1s directly useful in establish-
ing deeign, inspection, testing, and operastional requirements of Apollo, as

well as other Pressure vessels,
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SUMMARY
The objective of this investigation was to-déterminé Plane-~strain suberitical
flaw growth characteristics for forged and welded 6A1-4V titanium. Tests were
conducted on uniakially loaded precracked surface flawed specimens in the
following environments: _ E
' | TEST TEMPERATURE °F

TEST FLUID T
‘Aerozene 50 ‘ 70 & 110
Monomethylhydrazene . 105

+ Nitrogen Tbtroxide - Inhibited ’ 70, 85, & 105
Methanol : T2 : ,
Freon MF 65 & 85 o
Distilled Water 65 ’
Inhibited Distilled Water T2

(500 PPM Sodium Chromate)

- Sustained load threshold stress intensity values were obtained for each of the :
above environments. In addition, limited cyclic tests were performed in
Aerozene 50, Freon MF, distilled water, and inhibited distilled water.

The results of this test program showed that sustained load threshold values
(in terms of initial-to-critical stress intensity ratios) are relatively high,
eXceeding 75%, with the exception of three ehvironments' methanol, Freon MF,
and at test temperatures exceeding 85° F, nitrogen tetroxide. Little or no
difference in sustained load behavior was observed between base metal and weld
heat affected zone (HAZ) except in the environment of Freon MF. 1In this case
the flaw growth was significantly more pronounced in the HAZ than in base
metal. At stress intensity levels below the sustained load"threshold value,
cyclic load flaw growth rates are quite low, and are not considered to be a

serious problem.

For the case of methanol, the base metal threshold value 1s 2k percent of the
critical stress intensity (Ki ). With regard to the failed SPS fuel tanks,
this value indicates that initial flaws as small as adbout 0.003 inches deep
could have grown to failure when exposed to methanol &t maximum operating
stress,
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1.0  INTRODUCTION

N

Life prediction of pressure vessels subjected to cyclic or extended time

service requirements requires knowledge of:

1) The flaw size which will cause immediste failure upon application of
operating pressure (i.e., the critical flaw size);

2)' The initial flaw sizes existing in the vessel prior to being placed

into service, and; , i

3)  Conditions under which the initisl flaws can grcw to critical size
during the desired life of the vessel.

Information required in items 1) and 3) above can be developed through labora-
tory testing of preflawed specimens. By using linear elastic fracture mechanics
procedures, the generated data can then be used to define the item 2) require-

ments, that 1s,
1)  What are fc’/e allovable initial flew sizes?

2) What are the nondestructive inspection or proof test requirements?

3) If necessary, Vfat service limitatibns should be imposed on the veseel?

¢
- X 7

The 1nvestigatién repérted herein was undertaken to generate the required

experimental data on €Al-4V forgings and weldments in environments of several

storeable propellants and vessel test fluids of current interest




2.0. BACKGROUND

Vessel service performance is dependent upon the cr{tical flaw size, the\
maximuhvinitial flaw size existing when the vessel is placed into service,
and the suberitical flaw growth characteristics of the vessel materials.
Critical flaw sizes, In turn, are dependent upon the fracture toughness,

‘applied stress, and, in the case of thin walled vessels, the wall thickness.

. Estimates of mctual initial flew sizes can be made by nondestructive testing,

or with knowledge gained during proof testing(l). Growth of these initial

flaws can result from cyclic loading, sustained stress loading, or combinations

_of both. Several pepers are available, References (1) through (4), which

provide detalled discussions of these facets. The following paregraphs are
presented to summerize those aspects which have particular application to the

present program:

- 2.1 CRITICAL FLAW SIZES

Figure 1 schematically relates stress and flaw size for a given material and’
for the condition of a smaell flaw in a large body (i.e., thick wall) loaded
in tension. If the operating stress is 0"then the corresponding flaw size
that would cause fracture at that stress is noted Q§ﬂ(§/§)ér. Assuming that
the structure is known to contain an 1n1t1al flaw of (a/Q)i, the growth of
the initial flaw would result in failure when its size reached the value of

. (a/Q)cr. For this case of small flaws in thick structure, complete fracture

and possible shattering of the vessel could bé expected. On the other hand,
if the material fracture toughnesg‘(KIc) is sufficiently high or the operating
stress is sufficiently low, it is possible that the calculated critical flaw
size significantly exceeds the wall thickness of the vessel. In such a case,
if growth occurs, thg initial flaw would bé expected to grow through the

- thickness and the  vessel would leak rather than fail catastrophically.

In order to accurétely predict the failure mode of a pressure vessel as well
as estimate its operationsl life, it is necessary to know the stress intensity
for flaws which become very deep with respect to the wall thickness. 'The
stress intensity solution for the semi-elliptical surface. flaw shown in

(5)

for flaw depths up to about 50 percent of the material thickness. At greater

Figure 1 was derived by Irwin and has been found.to be reasonably accurate

depthe the applied stress intensity is magnified due to the effect of the
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free surface near the flaw tip. This means that in thin valled vessels (1.e.,
those vessels where the critical flaw size approaches or exceeds the wall
thickness).the flaw tip stress intensity can attain the critical velue (1.e.,
the Kic value) at a flaw size which is significantly smaller than that which
would be predicted using the equation shown in Figure 1.

Kobayashi(s) and Smith(T) haye developed solutions fer deep surface flaws which
are very long with respect to their depth (i.e., small a/2c values) and for
VSemicircular surface flaws (i.e., a/2c = O 5), respectively. The,results are
shown in terms of a stress intensity magnification factor, MK versus &/t in

Figure 2. This: factor is applied to the original Irwin equation to obtain the
stress intensity for deep surface flaws. It is seen that the magnification
reaches a maximum valge of less than 10 percent.for seﬁicircular flaee, whereas
an increase of about 60 percent is observed for flaws with smaller a/2c values.
Experimental data obtained on several materials with varying flaw sizes and

N shapes appears to provide a fair degree of substantiation to the results of
References 6 and T (see Reference 10). '

. |
To 1llustrate the effect of the deep flaw stress intensity magnification on

predicted critical flaw sizes 1t 1is both convenient and safe to assume.the

vessel contains flaws which are long with respect to their depth. For these
'types of flaws the size can be described in terms of ofly ‘the flaw depth, a,
sinee the flaw shape parameter, Q, is approximately equal to unity. A predicted
critical_flaw size curve (obtained using Kobayashi's MK curve) for a typical
.tank material and wall thickness 1s shown in Figure 3. For comparison the
critical flaw size curve for the same materisl in a thick walled vessel is also
ghown. As can be seen from the figure the curve for the thin walled vessel

(1 e., where a, approaches or exceeds t) is characterized by & significant
reduction in failing stress at a glven flaw size as compared to that for the
thick walled vessel (i.e., where & . is smell with respect to t).

2.2  INITIAL FLAW SIZES

, While‘censiderable emphasis 18 being placed upon development and application
of nondestructive inspection procedures, the fact remains that defects can and
do go undetected. The problem becomes increaeingly acute with increases in
material strength and the usually attendant reduction in toughness. Because

OF thlaz, It 1 £olt ot e sroel Lo ta Lo nost poveriul lnspection test




presently available(l 2). The knowledge gained 1n a successful proof test can

be used to determine the maximum flaw size which can possibly exist in the
vessel. Also, it can be seen that, having proof tested to,a pressure of o
times the maximum operating stress, the maximum possible applied stress intensity
(KIi which can exist at the time of applying the subsequent service cycle is
=X KI This is of considerable significance because variations in actual
material toughness (e g., between weldments and base. metal) and applied stress
(e.g., at points of design discontinuities) do not affect this relationship.
Application of this knowledge is discussed in Seetion 6.0 of this report.
. o | | 1

2.3  SUBCRITICAL FLAW GROWTH o

Probably the most predominant types of subceritical flaw growth are fatigue
growth resulting from cyclic stress and environmentally induced sustained-stress
growth., Also, growth may occur even in the absence of severe environmental
effects 1f the 1ni§ial flaw size approaches the critical flaw size(l).

The technique used/for predict1ng the subcritical cyclic or susteined-s%ress
flaw growtb makes use ‘of fracture specimen testing and the stress intensity
(3,4,8)
meximm applicd gross str s level depends primerily on. vne magnitude of the

initial streGS'intensity at the flaw tip, Kii’ compared to the critical stress
1ntensity, K. (i.e., cycles or time to failure = f (xn/KIC). Thus, if cyclic

or sustained-stress fracture specimens are used. to obtain experimentally the

concept. It has been snown that the time or cycles to failure at a given

KIi/KIc versus cycles or time curves for a material, the cycles or time required
for any given initial flaw to grow to critical size can be predicted. Conversely,
if the required life of the structure is known in terms of stress cycles or time
at stress, the maximum allowable initilal flaw size can be determined.

What normally is obtained from a plane strain fracture speclimen cyclic or sus-
tained test 1s the initial flaw size, the eritical size as measured from the
fracture face, the cycles or time it took to grow from initial to critical size
and the applied cyclic sustained stress. From these data the initial stress
Intensity, KIi’ and the critical stress intensity, KIc’ can be calculated.

Typical examples of Kii/xic versus time curves are shown in Figure k.

Of primary significance in sustained load tests is that there appears to be a

threshold stress intensity level below wnich time dependent subcritical growth

~—~
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does pot take:piaée. 'While many pressure vessel m.terial-environment combina-
tions exhibit relatively high threshold.values as shown in Flgure 4, flaw
growth at relativély low K levels has been observed (e.g., most high stréngth
LOOO series steels in moist énvironments); Regardleés; it 1s ﬂelt that to
assure adeguate life (for all vessels, with thé possible exception of solid
motor cases where operational requirements consist of only one short-time
firing cycle) operation should be controlled at values below the observed

. threshold level. Below this level cyclic life is rot significantly affected
by total time at maximum stress. Above this level the cyclic growth rate 1is

dependent upon czplic speed.




3.0  MATERTALS
3.1  TITANIUM FORGINGS AND WELDMENTS -

Base metal specimens tested in this program were machined from each of six
6A1-4V vessel forgings. Three of these were taken from Lunar Orbiter forgings
originally supplied by Cameron Iron Works. These are essentially the same as
some forgings‘uséd on Apollo reaction control system vessels. The remaining

' specimens were taken from Apollo SPS cylindrical tank forgings. All base metal
‘ specimens were machined from the forgings such that loading was parallel to the
hoop dire»tion.

Welded specimens were machined from girth welds taken ffom elither of two Apollo
SPS fuel tank assemblies welded by Allison Division of General Motors. These
specimens were all machined such that loading was perpendicular to the weld

centerline,.

A summary of forging and weldments used in the tests is shown in Table I;
available chemical compositions and heat treatments are shown in Table II.

As shown in Table I, a total of seven test fluids were investigated. The
compositions of the fuels and oxidizer are shown in Tables III, IV, and V.

Nitric oxide was added to available nitrogen tetroxide (MIL-P-26539B) to obtain
the composition shown in Table III. ‘ ‘

Methanol and Ffeon FM cempositions are shown in Tables VI and VII. As noted,
two different samples of Freon MF were used, both supplied by the Space and
Information Systems Division of North American Aveiation (NAA). Both samples

vere reportedly taken from the same batch; the first was apparently badly
contaminated during. transfer and shipment. The distilled water was inhibited
by adding 500 parts per million sodium-chromsate.




ey
PR

. Y

4.0  FXPERIMENTAL PROCEDURES
%.1  SPECIMEN PREPARATION

Precracked surface flaw specimens‘were used for all static toughness, sustained
load, and cyclic tests. TFlaws were made by electric discharge machining a
starter notch, and By extending the notch by“low stress tension fatigue. The
fatigue extension was accomplished at maximum gross stress levels of 30 to ko
K5I at 1800 cpm (from 5000 to 16,000 cycles were required, depending upon initial
notch dimensionés. For the majority of these tests, initial_surféce flaws were
precracked in air before testing in the selected enviromnment. Two additional
series of tests were performed to check the influence 6f cracking history.

This included precracking in methanol and Freon MF with subsequent testing in
Aerozene 50 and Naoh, respectively. Base metal sustained load tests in methanol
were also precracked in both air and methanol. Specimen blenks taken from the
Lunar Orbiter forgings_were solution treated and quenched, rough machined, aggd
in argon, finish.ﬂacbined, and then stres; relieved in air (see Table II).
Initial cracking was accomplished after heat treating. For all other specimens
(i.e., the weldments and trose taken from Apollo cylinders) the materiﬁl was

supplied in the fully-hcat treated and stress relieved condition, and were

Y 4

machined and precracked after receipt.
Overall dimensions for the surface flawed specimens were tailored to the size
and shape of available materisl. Thickness of the Lunar Orbitervforgings was
sufficient to allow the use of flat specimens, Figure Tb.

Welded specimens, shown in Figure SIVere machined flat in the gage area to
provide a uniform section. Tocation of the surface flaw with respect to the
weld structure is shown in Figure 6. This location waé selected after cyclic
testing of several specimens in methanol. Results indicated that crack
initiation qccurred most readily in the yeld centerline followed’closely by
the location shown in Figure 6. The lattér location was selected because
applied stresses are higher at thls point.

Dimensions of the base metal specimens are shown in Figure T. The curvature

noted in Figure Ta results from the original cylindrical contour. ”Fiattening




- was not attempted.ﬁechuse of potential breakage and because of unknown residual
stresses. These curved specimens required the use of the stress intensity

_ solution shown in Figure Ta which is based on the work- of Smith(Y). The bending

coefficient, MB, is plotted in Flgure 8. For the flaw shapes and sizes used

it was found that the stress intensity was still maximum at the bottom of the

. flaw (1. e., at the angle ¢ = 0). Bending stress was experimentally determined

by mounting back-to-back strain gages on an unflawed specimen and loading slowly

to failure. The’ resulting relation between uniform tension stress and bending
stress is shown in Figure 9. ' '

%.2  FLAW GRow'fn TEST SETUP

The majority of sustained load test specimens were loaded in 10,000 1b dead-load
creep machines. Those tests using nitrogen tetroxide, Aerozene 50, and ‘ »
monomethylhydrazene utilized a setup as shown in Figures 10, 11, and 12. Liquid
was contained in two pressurized tanks connected with flex lines to each other
and to a small cup clamped to the test specimen. Periodically, one of the tanks
‘was ralsed or lowered so that the fluid would flowuthrough the specimen cup thus -
supplying fresh liquid. Temperature was controlled by warm air sﬁpplied from
Coates heaters. Schematic of the fluild and pressufization system is shown in

«

Figure 13, S o~ I

Nonhazardous sustained load tests were performed'in‘an environmentally controlled
.laboratory at the Boeing Developmental Center. All but the 85°F/Freon MF tests
were performed at atmospheric pressure with the test fluid and specimen contained
in polyethylene bags. Fluid and specimens used in the 85°F/Freon MF tests were
enclosed in a stainless steel jacket Pressurized slightly above Vapor pressure
(i.e., 8 psig).

4.3  EXPERIMENTAL APPROACE FOR SUSTAINED LOAD TESTS

- The approach used to define threshold stress intensify levels is shown schemati-
cally in Figure 14. The first surface flawed specimen (after determining the
static Kic value) was loaded to a target stress intensity level less than critical
(i.e., an initi{al stress intensity wvalue, Kii The specimen was held at

ccnstant load until failure or for & predetermined time (usually 24 to 48 hours).
If failure did not éccur, the specimen was cycled 1n air in low stress fatigue

o d




to mark the flaw froﬂt, and then was pulled to failure. Evidence of sustained
load gfowth was then observed by & separation between the initial fatigue
crack extension and that of the final markiné. With either failure or evidence
of growth in the first specimen, subsequent specimens were loaded at successively
lower Kii values until neither failure nor growth took place. Usually, the l

" threshold value was bracketed with three to four specimens.,
‘ .

.
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5.0  TEST RESULTS

\

5.1 MECHANICAL PROPERTIES

Tensile and yield strengthvof the weldments and forgings that were tested in

this program were measured at room temperature. The resulting'properties are
listed in Teble VIII.

5.2  PLANE STRAIN FRACTURE TOUGHNESS !
/”" . r '

iPiane strain toughness values (Kié) were determined at room temperature for

8 total of six different 6Al-4V forgings, and from the heat affected zone (HAZ)
of two different weldments. A summary of the values obtained is shown in
Table IX. As shown in the table, toughness values were obtained both by static

tests as well as from sustained load test specimens which had not failed during

the programmed sustained load period. In the case of weld sample £, all
values shown were/%aken from sustained load test specimens.

The average KIc values for the six forgings range from 41.5 to 48.6 KSI VIN,
while the average HAZ values range from 39.3 to 40.8 XSI VIN for the twe
weldments. L k ' . T

5.3  SUSTAINED IOAD FLAW GROWTH DATA

Sustained loed subceritical flaw growth studies were performed with combinations
of four forgings,-two weld samples, seven liquid environments, and test tempera-
tures ranging from €5 to 110°F. A summary of the test conditions is shown in
Table I. Tabulation of the test data, showing precracking procedures, initial
flaw sizes, test conditions and results is included in Tables X through XXII.

During initial tests of weld specimens (primarily those tested in Aerozene 50)

attempt was made to control flaw shapes to an a/2c value of about 0.25. Actual
shape ratios varied from 0.23 and higher. For these specimens initiél stress
intensities were calculated using Kobaysshi's MK solgtion for flaws of a/2c
values of 0,29 and lower;;Smith's MK solution for flaws of a/2c velues of 0.33
and greater; and an average MK value between these extremes for intermediate

shever (see Fighre 2). Use of these flaw shapes, wrile vooeally preferred,

Il




resulted in a rpquireient for loading at,relativeij high stresses for the high
KIilevels. This in turn resulted in several weld centerline failures, outside
~of the flaw, possibly due to creep. This usually occuﬁred vhen applied stress
levels ekceeded 110 KSI In later tests, the flaw shape was revised to nominal
a/2c values of 0.20, thus allowing reduction of applied stress at comparable
Kiilevels, and also allowlng exclusive use of the Kobayashi deep flaw term.

As noted in Tablés X through XXII, the initially applied stress intensity
levels are shown in terms of a decimal fraction of KI . In most cases, the

- average Kic value of previously tested specimens was used. For the first
series of tests performed, (where only few samples were available for calcu-
lating average values) the hIi value was divided by the individusl calculated
end point Kic value. This latter method was also useful in cases where both
initial and critical flaws either varied from the desired elliptical shape or
were quite large with respect to the gross section area. In this case; the
relative stress intensity ratio can be more accurately determined than can the
‘absolute values. While the difference between the two methods is normally

' negligible, use of average rather than end point values 1s generally preferred
for sustained load testing. This preference is based upon the fact that such
growth can often result in irregular final flaw shapes, even though the initial

flaw was relatively well shaped. .

C——

Results of the data shown in Tables X through XXII are plotted in Figures 15
through 27. Figure 28 shows the fracture sppearance of the series of base

metal specimen tests in monomethylhydrazene. Thé trend of increased slow growth
with increased applied stress intensity is evidenced by the separation of the
initial and the final cyclic crack extension. Other examples of fracture
appearance are shown in Figures 29 through 32. All photos were taken using
polarized whiteVlight_techniques(u). |

5.4  CYCLIC LOAD FLAW GROWTH DATA

Cyclic load suberitical flaw growth experiments were performed with combinations
of two forgings, one weld sample, four liquid envifonments, and tést temperetures
ranging from 65 to 105°F. A summary of the test conditions 1s shown in Table I.
All specimens in this series of tests were precracked in air. Cyciing was per=
formed at 5 CPM, with R = 0.05. Tabulation of the test data, showing precracking
procedures, initial flaw sizes, test conditions, and results is included in

Table XXIII. '
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6.0. DISCUSSTION OF RESULTS

6.1  CRITICAL FTAW STZES AND PREDICTED FAILURE MODE

The results of the plane strain fracture toughness tests ére sumsarized in

- Table IX. It is seen that the overall average Kfc vaelues for the forgings

and weld HAZ are 45.2 and 40.3 KBI‘VEE,\Eggggggézglef Individual values varied
about plus or minus ten percent of these averages, with variations within & .
gilven forging or weldment generally less than this spread. . |

Figﬁre 33 felates eritical flaw sizes with opérating stress for thélﬁPS fuel
tank gaggs. The Kic values used represent averages taken from Allison supplied
forging and weldmentlSample A. Flaw size is Plotted in terms of depth, a,
assuﬁing small a/2c values (i.e., @ = 1.0 and Kobayashi's M. applies). The
effect of deep flaw magnification is graphically evidenced by the two different
-forging curves, representing differences in vessel thickness.

Depending on thickness, it is seen that critical flaw depth at proof stress of .
140 KSI varies from about 0.017 to 0.023 inches in the férggd materiai. For a

) giith weld ﬁAz; assuming meridional proof stress of ST KSI écross the weld,
calculated critical flaw depth is about 0.056 inches  op approximately 84 per-
cent of the 0.067 inch thickness. 'For the above cases, failure during proof
test would be expected to be catastfgphic/in nafufe,'since,critiéal flaw depths

are less than the thickness. A [

=

Assuming maximum operating stresses.of 75 percent of vroof stress, it is seen
that critical base metal flaw depths (for flaws orlented normal to maximum
stress) are still less than the thickness. For tre welds, the critical depth
at maximun operating stress 1s now greater than the thickness, and leakage
would be expected prior to complete failure,

6.2  ALIOWABLE FIAW SIZE CURVES - SUSTAINED LOAD

Table XXIV summarizes the threshold stress intensity ratios (1.e., rcn/lcIc
values) defined by the curves of Figures 15 through 27. Several general
observations can be made from & review of the éummary'table, and the curves.
In Flgure 2%, the effent pof tﬁft tesperntire on threahold yrtics are plotted

for nitrogen tetroxide, Aerozene 50, and monomethylhydrazene. Included in

13




the‘nitrogen tetroxide curve is the rreviously established threshold value
for 0.2% percent NO content Ngoh(9). It is seen that increasing temperature
‘15 accompanied by a slight but measursble reduction ih threshold level.

It is seen that threshold values are similar for base metal and weld HAZ in
all envirohments tested except for Freon MF in which the HAZ threshold is
significantly lower than the base metal value. Additionally, little difference
‘15 observed between the two series of Freon MF tests (i.e., 65°F tests using
Freon sample #1, versus 85°F tests using Freon sample #2). It is possible
that any effectgﬁwhich migbf have been cauéeq by the increased temperature
were compensateé for by differences in the sample comppsitions.

'Alsé, by observation of the data plotted in Figures 22, 23, 26, and 27, it
appears that threshold values are not affected by the prior history of pre-
cracking in either Freon MF or in methanol as coﬁpared to those specimens
precracked in air. As seen in Figure.15, there is an effect of precracking
environment on the rate of growth in the methanol tests. o

‘ Usefulness of the threshbld values can best be realized by constructing composite
critical and threshold flaw size curﬁes. This is $llustrated for the SPS fuel
_tank thicknesses and environments in Figures 35 ﬁhroggé\}?. Ihé curves shown are
baéqd upon critical stress intensity values equal to the évefage values for the
Allison supplied weldment # and cylindrical forging, "D".  Threshold curves

are based- upon the percentage of these critical values as noted in Table XXIV.
 Again, flaw length is assumed large with respect to depth. Use of these curves
is described in the following paragraphs based upon discussion of the dsats in
Figure 35. The figure is based upon forging properties for the SPS fuel tank
cylinder (0.053 inch wall thickness).

As shown 1n Figure 35, stress-flaw size curves are plotted representing critical
values as well as threshold values in the environments of methonal, Aerozene

50 at two operating temperstures, monomethylhydrazene, and distilled and
inhibited distilled water. BHorizontal lines are scribed at stress levels
representing proof pressure, maximum operating preésure, and nominal operating
pressure. For vessels successfully passing the proof test, it is seen that the
maximum initial flaw size existing at the time of the next test or operational

cycle is 0.023 1inches. qu consider the effect of subsequent pressurization in

1k.
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different environments at afmaximum operatiﬂg stress of 105 KSI. For example, ;
initial flaws as small as C.003 inches could have gr;wn if expésed to methanol. -
This is significanfly smaller than that guaranteed by the'proof’test. Depending
upon the time involved in mefhanol tests, énd the actual initial size, flaws

~ greater than 0.003 inches could have grown to critical size (about O. 032 inches)

and caused catastrophic failure. In cases where the vessel might have been

successfully exposed to methanol (that is, where no failure occurred) at 105 KSI,
it can be stated only that the flaw size after exposure did not exceed 0.032
inches. As a result, any additional vessel ;ife at 105 KSI applied stress,
regardless of the liquid environment, could not be guarahteed. Additional
guarantees of successful performance, say in Aerozene 50, could be b;sed either
upon resuits of an additional proof test, or, as noted in Figure 35, iq re-proof
testing was not accomplished, by subsequent control of temberature and pressure
equivalent to about 85 KSI at 70°F. This combination of temperature and stress
results in a stress intensity less than the threshold value in Aerozene 50 for
a vessel containi7g a 0 032 inch flaw.

For vessels which/are to be exposed only to Aerozene 50 after the proof test,
Figure 35 can also be géed to depict allowable operating conditions. For
example, 1t can be seénithat at 105 KSI, flaw sizes of-0.023 (that size proved
by the proof test) are marginally acceptable at operating temperatures exceed-~
'ing 110°F.

Interpretation and avplication of the results shown in Figures 36 and 37 would
be similar to that of the preceding discussion.

6.3  CYCLIC BEHAVIOR

Ideally, cyclic flaw growth data is best generated and utilized by the testing
of relatively large specilmens sized such that both initial as vell as critical
flaw size is small with respect to the specimen width and thickness. End point
data curves from tests can then be directly differentiated to develop growth
rate data (1i.e., K versué'da/dn curves). Application can then be made by
integrating the developed curves and accounting for deep flaw magnification as
applicable to the vessel gﬁges in question (see Reference 10).
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Another method of-geéerating growth rate data involves measurement of incre-
mental (or average) growth of seversl cyclic speéiﬁens. While this procedureA
allows some reduction of specimen size (critical streés intensity levels need
not be aftained), abnormally high applied stress levels are required at the
higher applied K levels. ‘ ' '

Uhfortunately, tbe base metal and weldment ﬁaterial supplied, belng representa-
‘tive in thickness to the actusl pressure vessels, was too thin for such
quantitative treatment. With virtually all specimens shown in Table XXIII,

the flaw grew through-the-thickness at an unknown number of cycles yrior to
failure. Consequently, these results cannot be used to predict cyclic damage
in tanks. ' o -

© .Some perspective can 5e gained by studying the results of the base metal cyclic
tests performed in Aerozene 50 (see Table XXIII). In this case specimen thick-
ness (0.125) was marginally adequate, and, while some deep flaw growth was

. encountered, failure occurred prior to the time the flaw grew through-the-
 thickness. This data was reduced to provide the rate curve shown in Figure 38.
Using this curve, and referring to Flgure 35, it can be roughly calculated that
it would take aﬁproximately 170 full amplitude opérating pressure cycles to
grow a flav (in the absence of a severe enviromment) from an 0.023 inch depth
to an 0.026 inch depth. In other words, a vessél successfully passing proof
test (KIi/KIc = 0.75 max) could be ‘cycled about 170 times at 105 KSI before

the stress intensity ratio would exceed the threshold in Aerozene 50 at TO'F

(“n/’& = 0.82). 1 T | ) .
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7.0  CORCLUSIONS

1. The sustained load flaw growth data for 6A1-L4v titanium forgings in
methanol shows that, at the operating stress levels in the Apollo SPS
fuel tanks, initial flaws or defects of undetectable size can grow to

critical size and cause failure.
’ L g

-

2. If the flé&s are oriented normal to the circumferential streés in the
tank cylinder they can attain criticgl slze prior to growing through
*the thickpess and catastropﬁic fracture will result. Ehis is apperent
from the predicted critical flaw size cur#e (Figure 35) and is consistent
" with the second fuel tank failure at North American Aviation. ~

3. If the flaws are oriented normal to the mgridional stress (e.g., in the
weldments or weld HAZ) they will likely grow through the thickness prior
to reaching critical size and leakage, rather than complete fracture,
will result. This is apparent from the predicted critical flaw size
curve“(Figure 37) and is consistent with the first fuel tank failure at
North American Aviation. ‘

-k, Although fhreshold values in Freon MF are .substantially higher than in
methanol, 1t cannot be guaranteed that potentially serious crack growth
woul&_not take place during Freon exposure.

'S. With the exception of nitrogenAtetroxide (above 85'F),.methanol, and
Freon MF, the sustalned load threshold stress intenéitiesffor all other
test fluids and propellants investigated were found to be 0.75 Kic or
higher. For threshold values at 0.75 KIC,'a successful proof test to at
least l/O.TS or 1.33 x maximum operating pressure should be sufficient
vtb assure that the vessels do not contain flaws which will grow to

critical size and cause failure at sustained operating pressures.

‘6. ‘In that sustained stress flaw growth can occur in distilled'water and
inhibited distilled water if the initial stress intensity (flaw size
and/or stress level) is large, it is concluded that time at proof pressure
should be wminimized. )

17
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From the standpoint of,subcritical flaw growth,vuninhibited distilled
water appears to dbe supérior to that which contains sodium chromate.
This does not include possible differences in general (pitting) corrosion

characteristics of the two liquids.

The environment does not have any major detrimental effect on cyclic

flaw growth at stress intensity levels below the threshold value.

18
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Table | : SUMMARY OF MATERIALS USED AND TESTS PERFORMED*

- INHIBITED ] |
DISTILLED FREON AEROZENE N-O STATIC |
METHANOL HyO DISJ;%ED MF MMH 50 204 TESTS
Al S s v
Lunar :
Orbiter B S s,C v
Forging
C S S RV
Apollo Cyl, : -
( Allison D 5,C C s, C S S L’
S/N 73WCZ)
Apollo f 1 1/
~ Fuel .
Cylinders #2 L
g S s g s s,c L
Weld . .
Sample P S s .

* C=Cyclic Test

S = Sustained Load Test
v'= Static K]c Test

- ** K¢ Values Obtained From

Sustained Load Test Specimens



Table 11.: MATERIAL COMPOSITIONS

’

{ % By Weight)

LUNAR ORBITER FORGINGS APOLLO FORGINGS*
. ‘ CYLINDER DOME
A . C. S/NN7DBY4VCZ S/N ]ZIWZU
. T
ALUMINUM 6.2 6.25 | 6.10 6.3 6.45
VANADIUM|  4.05 400 | 3.9 4.28 4.05
IRON 0.10 0.10 0.10 0.14 0.35
= CARBON 0.036 0.062 0.040 0.020 0.03
HYDROGEN 0.0076 0.0075 © 0.0068 0.0084 — 0.0115
OXYGEN 0.190 0.193 0.191 0.190 0.170
|
NITROGEN 0.0085 0.0071 } 0.00%0 ~ 0.0080 0.018
HEAT Solution Treat 1750 °F~1 Hr, WQ Solution Treat & W Q
TREATMENT | Age 1050 OF -6 Hours In Argon, Air Cool | Age 1100 °F =4 Hours
Stress Relieve 1000 OF ~4 Hours, Air Cool| Stress Relieve 1000 °F -4 Hours

* Allison Analysis ; Cylinder S/N 73WCZ |s Designated As Forging ®D ™" In This Report,
Dome And CylindersNoted Are Also Used In Assy Of Weld Sample
#1. Data On Weld Sample #2, And Apollo Fuel Cylinders #1 & #2
Are Not Available.




Table I11-: NoOg COMPOSITION
o (% By Weight)

SPECIFICATION
PROPERTY SAMPLE i
Nitric Oxide 0.49 0.6%0.2
Water ‘

Equivalent 0.034 0.10 Max

Chloride As
. .08 M
Nitrosyl Chloride| - 0.021 0.08 Max

* MSC-PPD-2A N,O 4~INHIBITED

—

—

-~ Table IV : AEROZENE 50 COMPOSITION
(% By Weight)

T SPECIFICATION
PROPERTY S/iMPLE L IMITS
NoH4 + UDMH 51.1% 51.010.8%
NgHy 47.5% 47.0 % Min
Water &
Impurities 1.4% .. | 1.8% Max
* MIL-P-27402
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- Table V : MONOMETHYLHYDRAZENE COMPOSITION

PROPERTY SAMPLE
MMH 99.8 %
Water | 0.13%
Transmittancy 198.0 %
Density
Grams/Millimeter 0.871
At 25°C '
Particulate :
_ Mg/ Liter 0.20
* MIL-P-27404

Table VI : METHANOL COMPOSITION
(% By Weight)

PROPERTY LABEL ANALYSIS
Water 0.06 ( 0.04 Check)
Residue 0.0004

Acetone, Aldehydes 1 0.0003
Acidity (as HCOOH ) 0.002
Alkalinity (as NH3) None
Cu & Ni 0.00001
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Table V11 : FREON MF-COMPOSITION

NAA SPEC. “UNUSED SAMPLE [UNUSED SAMPLE
PROPERTY MB 0210-014 ’ p
REQUIREMENT | #1 FROM NAA | 2 FROM NAA
99.8 % |
H o) o,
Purity By Weight >99.9 % 99.9 %
0.0001 %

H 0. o » °
Acid HCL Max Q00097 % 0.0006 %
Moisture 10 ppm Max 2.6 ppm 14.8 ppm
Chloride lon | 0.1 ppm Max 0.13 ppm 0.04 ppm

. \ : _
]
i
Residue 2 ppm Max. 240* ppm 20 ppm

* Insufficient Sample Available To Run Determination Per Spec.
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Table VII1 : TENSILE DATA

AVERAGE YIELD

VMATERIAL AVERAGE ULTIMATE NUMBER OF
STRENGTH, KsI | STRENGTH, KSI | ¢p
0.2 % OFFSET SPECIMENS
Forging A 165.8 156.9 2
/f
Lunar Fo/r n/ ‘B '
Orbiter Ql 9 169.1 157.1 3
/ .
Forging C 168.3 159.4 3
* Apollo Cyl. _
(Allison | Forging D 175.1 164.3 3
S/N 73WCZ ) ‘1
* Apollo Dome :'
( Allison — 177.5 167.8 3
S/N 121WZU) '
Weldment p . - - »
Sample i 32.7 126.4 2

* Allison Data




‘Table X% : PLANE STRAIN FRACTURE TOUGHNESS VALUES

46

APPROX. | . T AVERAGE | OVERALL . T | K
- SPECIMEN | AVERAGE | SSTAINED| AVERAGE NUMBER OF '+ | 2e o Te
MATERIAL THICKNESS| STATIC Kj K K . RANGE . 990
c le lc | MEASUREMENTS| ¢~ K
(In) KsivTn. Ksivin. Ksivin, | ARANGE PROB,
Forging A| 0.125 43.3 44.2 43.6 42.?-344.2 3 7
Forging B| 0.125 43.5 46.08 45.3 38.8-48.1 7 344-
Lunar ’ ” : 9.3 -
C biter g ging C| 0.125 4.1 45.7 45.6 | 42.9-48.7 10 197
| . 5.6
Forging C| 0.02 43.5 — 43.5° | 39.2-47.7 2 156
. - 8‘5 .
Apoiio Cyl, : | : .
(Allison  |Forging D| 0.058 45.2 46.0 _| 45.8 | 44.846.4 5 69 | 442
- Is/N 73wez) ) | e '
]
Acollo # 0.057 48.6 - - 48.6 48.2-49.0 2 WIg
© el ' o8 — e
Cylindes | #5 0.057 41.5- - 41.5 39.9-43.0 2 276
, 3. |
Weldment | #1 0.045 39.1 39.4 39.3 36.9-44.2 | 5 34| 3z.0
. Samples i . 1.3 .
(H.A.Z.) #2 0.045 - 40.8 40.8 38.2-43.0 163
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Table X : SUSTAINED LOAD FLAW GROWTH IN METHANOL
( Base Metal & H.A.Z. At R. T.)

MATERIAL CRACK EXTEXSION SUSTAINED LOAD TEST | K1e ST/
; <21
GROSS| ENVIRON. | T3 & § £ & | I

2 18 = | area 28 g ~|83 o ez | |E| 2| B
3|5 |&8 BZ| ag | 20 2 sx|Eol wo|g 21e z

£ 2 M=Methanol g (IN.) (8.) e il * - £ e <

@ g & ra g g b < =
F=Freon MF|= L S S 2
- 1A Ll3 0631 A 40.0 0.04 0.150{ Methanol | T2 0 | 7020 |37.0 0.2(2) {43.6] - | .B48]YES(2]
- A |13 ].0625 A 50,0 0.057] 0.155 M 2. ] 0 | 6280 {3h.b4 0.k (43,6]. - | 7% yss(1) .
- A 112 L0639 X 4.0 0,061} 0,164 " T2 0 | 5520 §31.2 0.2 143,61 - | ,nélyRsOR
- L A 114 L0629 A 40.d 0.044 0,142 " (A 0 5320 }27.6 2.2(2) 143,61 -1 .6331YES
- | B 119 L0633 M 40,0 0,041} 0,142 " T2 0 3460 [17.0 L9 155,31 - 1 .375| YES(1}
- 1 B loo 1,066 M 40,00 0.0401 0.140 " 72 [ 0o | ULuiso |o2.b 2.8 45,31 - | .u4oklyEs(r)
- B |27 L0631 M 40,01 0.030] 0,13 " T2 0 2260 110.2 47.5 45.31 - | .225im0
I - tw-11 }.0223 M 40.00 0.02l4 0,088 ! T2 0 2240 130.0 0.6 (1)139.31 - | .7631YES(1)
I - {w-12 }.0249 M Lo.0§ 0.026} 0.0 " T2 0 1980 j2h.1 L (1) 139.31 - | .613|YES()
I - | W-16 |,0228 M 40.01 0.0271 0.097] " T2 0 1195 {16.5 6.5 (1)139.3] - | .420]Y=S(1)
I | - [w-171.0246 M Lo.0] 0.026] 0.094] " 2 10 890 {10.9{. 190.4 139.3] - | .2T7|MC
i
RNOTES:
1) Failwre

i

2) Pailed outside of flawed ares; specimen
was welded together, marked, and pullegd
_ to failure (see Figure 33



Table X1 : SUSTAINED LOAD FLAW GROWTH IN DISTILLED WATER
( Base Metal & Weld H.A.Z. At 65°F) |

MATERIAL “CRACK EXTERSION SUSTAINED LOAD TEST KIe SIVIN
‘ £ ‘ '
o |a  |0ROSS| ExvIRON. | -BRERE & A g G
b g B Ry o)
5|8 g Al 38| o |2or| £ |EZ|2E| wwo |g |0 ) Slel> |8
(5 E = M=M~thanol g & (¥.) ’ = B S s < ,% >
F=Freon MF|* {3 = = x ‘
- D | D1 b,0opd A 30,010,030 0,128 Water 65 0 1328 4.9 50.8 - 146,94 893 | YRS
- D | D-10 [0.0284 A 30.0 {0.024 0.127 " 65 0 ] 3200 T137.3 58.2 -~ Julh W BLo | mO
- D | p-21 j0.028] A 30.0 10.024 0.131 ’ 65 { 0 | 3078 [35.2] 2%.7 - |46.1] .76 | %O
- D | D-22 )0.029] A 30.010.027 .121 T 65 | 0 | 2948 [33.71 45.3 55.8 - [.736| ™o
N ' "
@ I !l - | w-31p,0219 A 0.0 }0.025 0.116 65 | o [ 2112 |31. 59.9 39.3] - 1.80% | WO
' Y1« 1 ¥-29M0.001 A 10,010,031 0,120 " 651 0 11930 135.4f k89 39.3 LRL 1 YES




Table XI1: SUSTAINED LOAD FLAW GROWTH IN INHIBITED DISTILLED WATERm
( Base Metal & Weld H.A.Z. At R. T )

MATERTAL CRACK EXTESSION SUSTAINED LOAD TEST K1e BIVIF
3] =
GROSS| ENVIRON. | T3 & g5 & . - =

&) = o0 —_ x o

q | & |EZ|aRa 08 ag | 2Cy g g: %8 108D | i3 Tmﬁ(ms) & E ~ %

212 |0k A=Air S o g EC|Ew = - | 2

g |k 2 M=Mathanol 2 (1m.) (1m.) 2 = .=/ (1BS.) " - 5 g x ©

@ g & ) & 2 - < =
F=Freor MF 5 = < x

- c | 38 .ogoé A 4%0.010.03810.127 {Inh1b. B 01| 72 01 7320 137.7 117.5 - 143.9 .87 YES

- c 139 1.0839 A be.olo.034 10128 " 72 0 | 8020 [38.4 14k, 7 - 147.2 Bl | KO
- c 1w 1.0029 A b0.0lo0.046 034k " T2 0] 7800 {41.3 147.2 - {487 .BLB| YES
- c 15 1.08%6 A .0{0.039]0.133 " T2 0| Bozo | #1.0 < 0.1 1hks5.4 - 1 .89 yps™
- C | k2 1.0037 A +0.010.04010.135 i T2 0| 8o2c Th. A < 0.1 b5, - | .04 { YES2

. - c | 43 |.082¢ A 0.010.0k0]0.13% T 72 0 | 7880 150.0 153.5 - | LB8.0 .833 | YES

. - ¢ { W |.0623 A 50,010,000, 137 " T2 0 | 79%0 |51.5 153.3 |45.8 - | .910 | YES

N0 - C_{ 55 [.0627 A 0.0 = - " T2 01 (37 - - - - - -

T | - [w-26l.0001 A 40.0l0.03210.12% " 165 0 ] 2130 [38. 1. < 1.97% | ¥es
I - | w-271.0221 A 40,010,029 10,111 " 65 0 1 2040 3o.§ -22.1 gg‘g - .2%1 RACE

I | - [ w-341.02161. A 40.010.026 10.127 , 65 | 0 11893 [30.3] — 2k.7 139.30 - |.7m1 { KO

ROTES: : :
(1) 500 PPM Sodium Chromate : ’ :
(2) Faflure .

(3) Fatled on loading




( Base Metal & Weld H.A.Z. ‘At 65 OF)

Table X111 : SUSTAINED LOAD FLAW GROWTH IN FREON MF"" .

gy A R e

ot

(1) Mreon MF rrm sample 1 (see Table vIT)

(2) Fatflure

MATERTAL CRACK EXTSNSION SUSTAINED LOAD TEST Ko ST/
<2 2=
-  {ORCSS| eNVIRON. | T3] E § = & .

) 2 — -~ % {
5|5 |88 amea 2l ay |2 2 15228 wo |5 |TF (%S)
g2 |gk& A=Alr 2l il () & @&Eg(m.) |

£ {‘3 2 M=Mathanol |3 & : ' 4 ?, S o)

F=Freon Mf|= F} N LI B> i

- 4. 2] D5 |.0287 A .010.02910.129 {Freon Mp{l) 0 3330 | 40.9 (20 secs.)?
- D | b8 {,0283 A .010.02610.129 - 0 3093 137.4 0.15 2
= D1 D-9 {.0283 A .010,02610,121 - 0 13005 {35.4 L7.%
- D { D-11}.0285 A .010.029(0.132 i 0 3200 | 40.1{ {30 secs)2)
- D! Da5].0282 A .010.02610.125 " 0 | 2820 133. 135
- D | D-17{.ce88 A .0]c.02810.133 " 0 2969 | 36. 0.172)
- D | p-20l.0288 A .0[0.02710.123 i 0 28 132.4 0.2}
- D | D-231.0292 A .0]0.02710.126 " 0 2630 131.d 0.672)
- D | D2k, 0092 A .010.025f0.127 " 0 2480 128.1 0.6'2)
- D | p-25{(.0287 A .0lo.026]0.122 " 0 2295 |27.0 26.0
I - | w-28].0238 A 40.0]0.02810.115 M 0 1860 |26, 0.272] -
I - | W-301.0218 A 40.0]0.02810.150 M 0 1905 132.04 0.0502) -
I - ' w=321.0217 A 40,010.02710.125] . 7 0 1380 122.2 LB.2 -
I - | w-33{.0220 A 40.0]0.025 }0.1319 P 0 1562 }23.3 0.2 2) -
I - | w-35[.0218 A Lo.ofo.031f0. 127 | 7 0 1310 [23.9 0.272) =
I - | W-361.0202 A 40.010.020 101201 . ™ 0 | 12 {19.7 28.3 -
I - | w-37].0219 A 50.0}0.029}0.130 v 0 898 115.1] B&&.% -

FOTES:




Table XIV : SUSTAINED LOAD FLAW GROWTH IN FREON MF"
( Base Metal & Weld H.A.Z. At 850F)

MATERTAL CRACK EXTENSION SUSTAINED LOAD TEST - F1e STVE
GROSS| ENVIROR. o > = g g \ ' g | -

[} = 0 - m
a |2 18g|ama|l |BE o | % 2228 o0 | 5 TDE (ZRS) 15|~ 3
g (::"3 a % A=A1ir 5 %’% ) E , i\o-/ A, EQ (LBS ) ; o : %

g &2 M=Mathanol | > & (. )} (. B = s s =z |™

F=Freon MF g 5 , & £ 12 %
- | D | D-52].0090 A 30 10.02610.136{Freon MF Y 85 | 8 | 24h0 [29.d  2k.0 k5.8 - | 633! Mo
- | D D-531.0274 A 30 1o0.028]0.13% " 851 8 2460 131.4 23.0 ks, 8 ~ 1,695 |TRACE
- 1D D-541.C288 A 30 10.027(0.122 " 851 8 2650 | 34.3 23.0 45,8 - 1| . 7471YES
- | D D-551.0285 A 30 {0.028[0.130 " 85 | 8 2h20 [29.4 24,0 45.8 ~ | 553 |YES
- | D | D-57/.0288 A 360 10.028(0.128 i 85 I 8 | 3070 |36.9 0,150 ks, 8 - 1 ,Bo6 lyrs2)
w ?
I W-661,0220 A 30 10.028]0.128] 85 | 8 1157 |18.9 0.4%2) 139,79 481 Jyms’?!
Il - w-6T].021k A 30 [0.029]0.122 i 3 1 8 o422 116.3 2k.o 39.3 -~ | .b12fw
I1- W-58|.0211 A 30 [0.024[0. 1051 85 1 B8 [ 1456 [22.3 0.372Y139.§ - | .567 [rEseT}
+
FOTES:

(1) Freon MF from sample #2 (see Table VII )
(2) Fatlure




FE

Table XV : SUSTAINED LOAD FLAW GROWTH IN MONOMETHYLHYDRAZENE '
( Base Metal & Weld H.A.Z. At 105 OF) -

MATERTAL CRACK EXTENSION SUSTAINED LOAD TEST K1c KSI/IN
) = .
GROSS| ENVIRON. | T & %’ & & N G

2 8= 28 g |83 o |Toe (ms) | w | B | &
< R AREA év a; | 2y 3 SelEn] LOAD g 2 el ™ 3 .
Ble Q§ “1A=Alr S 9 £ §&EE§ (ss.) o Eg

g2 |EB MzMathanol g,‘; (m. ) f(z¥.) 2 & S N om 5 g >

FzFreon MF 5 - 3 , <
- 1D |nk7 l.oco A 30.0§0.02910.119)  MMH 06 | 175! 2730 P9.9 oh,o ~ I4s5.4' - | 653w
= 1D InUL8 }.0289 A 30.010.027 10,126 . 106 | 175] 3120 B6.9 24,0 4.9 - | .806 IyEs ;
=D In-ko J.0324 A 30,010,031 10,142 . 108 | 1750 3940 hbk.b 2b.b h5.8 - 1.969 IYES
= 1D In50 {0281 A 130.0§0,03010,129f " 104 | 1751 3230 p1.81 23.9- [h4s.d - |.913 res
= 1D D51 L0ron A 30,010,025 10,127 " 107 1 1751 2930 B3.5 2k,2 5.4 - 1.731 w0
R
' II! ~  124-391.0228 A 0.0]0.023 0,113 i 102 1 IT5| 2180 P7.2 5.0 - B3

IT| -  Aw-k41l.0217 A 30.0(0.024 {0.112 " 107 | 1751 2170 B1.9|  25.0 R ST R B (1 [oj}
II| - [Aw-42}.0232 A 30.0[0.02k 10,117 v 103 | I75] 1850 $5.0 6T - P0.81.613 o i
II AW-431,0193 A 0.010.02510.120 " 105 | 1751 1800 B2.61. 2h.1 Lo. .T99 [YBES
II AW-bh 1 0215 A 30,0]0,026 l0.127 " 103 | 175] 2360 §9.1 3.2 (1) | 40. 958 [YES (1
II AH-49 1,0222 A 30.010.025{0.11k " 105 | 1751 2530 |- (2) - - |-

NOTES:

(1) Feflure

(2) Failed on loeding




€¢

Table XVI : SUSTAINED LOAD FLAW GROWTH lN AEROZENE 50
( Base Metal At 65 - 79 OF )

MATERIAL CRACK PXTENSION SUSTAINED LOAD TEST Ko KSIVIH
. 2] =
. GROSS| ENVIRON. - & g |Is k‘ ‘ - o
2| 28 g E~|B3 tne (ms) | . | B | X &
]| A z = AREA ol ay | 2Cg Z <. E’E’ 21 1oap E =N RE S ~ g
B2 g8 A=Alr é‘?gg(m)(m) & g:gmg(ws) ' § ol -
£ |EE M=Mathanol ;Eg . ) = g |g N om | B>
F=Freon MF 5B = = x .
- | A 5 |.0630 M 40.0] 0.044[0.1L8] Aerozene | 191 O 1 7500 38.9  18.5 - | Uh.4 .83 |[YES
- 1A 6 |.0622 M Lo.0{0.063[0.170 i - - (1) - - - - - -
- 1 A 8 1.0830 M oo - - v = Z 6] - - Z - - -
- 1A 9 1.0623 M 40,00 0,059[0.173 " - | - (1) ~ Z - - |-
-1 A 10 1.0€630 M 40,01 0.06810.190 i 7 0 55002B3.3 6.0 - 137.71 B33 fyes
- 1 A 11,0621 M 40.0f - - " - - (1) - - - - - -
- 1B 16 [.c629 M 4o.016.0k2f0.138 B 701 0 7100 [36.7 27.2 hs.3 =1 R0 {ronay
- 1B 1 L0633 M 40,010.03610,138 i 6510 6700 B3.0 0.5 - [RE.T1 . 707 7O
- 1B 13 1.0806 N 40.010,038{0.136 " 681 0o 7430 R7.5 239.8 - 4. 6] 841 |TRACE
- 1B 22 {.0529 M 40.010.037]0.13k " 651 0 goo ok <0.10) 45,3 [ .9351yes(s
- 1B {23 l.o61 M ho.ol0.03k 0.130 " 731 O Bioc A 26.% - BB 80 [TEs
~-IB 24 .07 M 40.0}0.038[0.151 i 701 0 8300 K2.9 <O XY b5, = [ .SUTIYEa (s
- 13 25 1.063k M 40,0} 0.04%2{0.1541 i 73] 0 {6) 8.3 1540 - {16,0].833 |TRACE
- 1B |28 1,0632 A 40.0[0.027]0.133 ) 701 © 8100 BT7.51 . 56.7 - [55.0(.833 ™
i
ROTES:
(1) rmiled on loading (4) 'Ihis specimen was then cycled
(2) %50# cyclic load @ 5 CPS " to failure; see Table
(3) Initial & critical values Failure

. are 4 ssed because of
low W/2¢c walues.

Cycled between S5TOO & T4SC#
8 2 bours per cycle.




Table XV11 : SUSTAINED LOAD FLAW GROWTH IN AEROZENE 50

( Base Metal At 110 OF) - T
MATERIAL CRACK EXTENSION , SUSTAINED LOAD TEST : K1e BBIJIH
- <3 .
\ GROSS| & ~ e 2 = . )
2 |8 | 28 = e85 S mmems) | e | B |2 | B
818185 A=Air Selmalma| & E&EQXE(LBS) g ~la ] 8
: gL = M=Mathanol g 2 RS = 2 e m z| 2 2
! F=Freon MF|* {3 = : o e
‘ - B 129 1,0629 A 40.010.03910,1411 Aerczene 98l 85| &0 | (1) 62.5 - ()| - rEs
- c 130 1.0633 A 40,010.02910.133 " 1105t 85 1 8Boo0 138.d £z @ Ls 4, - 1 . B53 [Yes(2)
= e 13l 1063k A 140.010,04610.131 110115¢ | €500 132 26.8 - 42,9 .75Q1YEs -
- ¢ {22 1.0633 A 40,010.€31(0.124 " 1121150 | 6750 | 31. Lo.7 - ( 47.3 .606ND
- ¢ 133 1,0632 A 20,010.05010,134 " 108{230 | £750 | 33. 40.3 ~ [ L& 4 755 (™
- ¢ 13 10619 A 40.010.04110.128 " 11¢{23C § 6650 |35.9 72.9 -~ 4B q (795 |TRACE
= =1 ¢ 139 ].0623 A b.0l L 1 - - -1 - GY | - - -] - | = 1-
= C 136 1.0008 A 40,010.04310,131 " 1081230 T 7850 1 39.d 49,7 - | L5.8 8B5S [YES
|
_ NOTES: *
(1) Irregular flaw shape _
%2) Prilure N
3) PFailed om leading :




obscured.

Table XVI11 : SUSTAINED LOAD FLAW GROWTH IN AEROZENE 50
‘ ( Weld H. A.Z. ) :
MATERTAL CRACK EXTERSION SUSTAINED LOAD TEST Kte SN
~ m b
GROSS| ENVIRON. | T & = s & : s
¢ 5= 28 8 E~123 o |Toe (ms) |- | & E
5 = HE AREA é\_, ag | ¢ z 3 & EE LoAD | g \ g 9 ~ &
& A=Alr 5.0 = 2 ot &
> £ E 2 M<Mathanol g§ (. )} (o) g E g =S Zlg|%|°
F=Frecn MF|= B3 . _ 2 z 2 =
I ~ | w-3 1.0235 M 50.010.025 10.082 jAerozene 110{150 | 2640 {30.7] 25.9 39.3] - | .781 fRACE
I - | Wb f0e3h M .0]0.02710.089 i 1101150 | 2570 |{31.9 83.0 - 136.9.856) YEB
I - | w-5 }.0235 M £0.010.02110.078 " 110[150 | 2850 132.08 2.1 (1) [35.3] - | .85 | YEs
I - | W-7_l.021k 'y 0,0{0.025 j0.092 “ 851150 | 2300 [33.H 23027 1353.3 L850 | YE 2]
1 - | 4-B .Qg’gB M 40.01C.031 10,093 " 1051150 | 2600 [31. 46.8 12) 139.31 - ] .Bok | Y=o
I - 1 W-10].0023 M 1:0.010.02810.095 i 105{150 | 2300 |33.3] 32.6 - 139.4 .31 | YeS
I - { w-15 .0229 M 0.0 - T 110{150 | 250003} (&) - - - i
I - | w-181.0157 A £0.0 o.om 0. 0Bk " 110]150 | 2000 [27.8 156.1 33.3 .70T | NG
I - | %-191.0208 A 40.0 10,025 [0.088 " 110]150 | 2200 132.9 82.3 117139.3 .837 [ YES
I - { W-261.0228 M 40.0 {0.020 0.0%2 v 1124150 | 2500(3% 35.2 12.3 1)}39,3] - |.095fYES
I - | W-211.0210 M H0.0]0.02510.090 1121230 | 2125 {32.1  23.3 - _136.9 .870 FRACE
1 -1 ¥-231,0205 M 40,010,023 10,100 " 1081230 | 2050 [31.M  33.1 39.31 - 1.799 I'RACE
T -1 w24} 0205 A 40,010,025 10,091 " 1081150 | 2300 135.50 1.1 V139,30 - |.903 IRACE
I ! - | ¥-251.0203 A W0,0l0.04) b0, 104 " 1041230 | 2175 [3k,0 6 @)139.31 - 865 | YES(2
NOTES: v
(1) Failure in weld G, during
sustained load: flaw size t
determined by sectioning
gzg, Failed
3) %50# cyclic loed @ 10 CPS
(%) Overload failure, flaw



Table XIX : SUSTAINED LOAD FLAW GROWTH IN N
(Base Metal & Weld H.A.Z. At 700F )

Kie xmiﬂ

9€

. C,v. Bo contentO.k5%
(2) Peiled on loading

MATERIAL CRACK EXTENSIONY SUSTAINED LOAD TEST
—~ @ B = S B S
ENVIRCR. & 5 — kY Y2 =
o m = wm g £~ wc M TDE (S) | m ~ | B
315 |58 g S |Ex[Eg| w0 @ 2|8 S
g8 g8 asatr |8 g S |55l (s Elal| & | 8
g KB M=Mathanol | > = £ = ; - = |z ™
B m = L E. B e o &3
F=Freca MF|= | : < b :
1 D.|D36 A 30.04 O |13 |15 3250 B8 e | BL
D 537 A 30,0 ) 0 TITS | 3450 65,81 - | .705 |RO
D D43 A 30.0 i 7L _[175] 3500 5.81 - | .908]YEs
D |D-59 A 30.0, - - (2) - Z - -
- AW-5§ .\ 30.0 v 73 11751 2290 13%.0 RO.Bt - | .B331RACE
- |AW-6D A 30.0 i TL TI75 | 2150 |3%.9 L1 -1 .90k [¥ES
-~ |AW=b1 A 30.0 i 7L 11751 1930 P8B.7 Bl - T.703]m
- w-69], A 30.0 " 112 11751 1980 -p7.9 9.3! - | .7opo
ROTES:




L€

Table XX : SUSTAINED LOAD FLAW GROWTH IN N0/
(Base Metal & Weld H.A.Z. At 83 o |

MATERTAL CRACK EXTENSION : SUSTAINED LOAD TEST K1e K5I
- GROSS| ENVIROF. o & § % E A\ ‘ E éf’. -
[&] 3 ) om —~
(& |EE A= : 38 &y |21 z Sx|ED| Lo ﬁ‘rn&:(z&’s) & ot >
Elg gk A=Atr 89 £ =21 KB 2 ol g
2 |E2 MeMathanol | & () (1) = % o (18s.)) =8|
F=Freon MF g 2 2 &z - L2
-1 D | D26 Loz A 30.d 0,039 0.128 ™YL 185 | 351 3285 {39.2 2k, 45,8} - | .B55|YES
-{ D {p-271028) A 30.4 ©.039 C.131 " Bs5 351 3320 {i43.0 2L.0 L5, B} - { .939]YES
-{ D | p-28L02%1 A 30.d 0.02% 0,125 " 8L 35| 3550 139.8 2L,0 L. Rl - | .8&glyEs
-] D | D29 02869 A 30.4 0.030 0.13X " 85 35] 2660 [33.6 24,0 LS.B] - | .735|H0
-1 D [ D-581028% A 20.4 01029 O.12% i B 117 2395 {35.2 22.0 458 - | .708|%0
IT | - Rw-46 10236 A 30.d 0.0271 C.11 T B5 1751 2620 {37.71 0.1 (2 |60.8 = | .924lYES(2)
1T | - hw-47 Loc2b A 30.d 0.025 0.1224 ' By T17s | 2370 13%.9 72.0 530,81 - | .B55]YES
7| - hw-48 L0189 A 30.4 0.024 0.121 M B& {175 1900 |30.0 26,7 () |BC.B] - | JOR2IYEEDs
TI | - RW-49 L0201 A 30.4 0.024 0.114 M 86 {751 1930 |31.8 2F.0 BB - | LTI TRATY
I | - RW-L0 L0177 A 30.4 0.023 0.115 7 BT 11751 1580 [29.1 5.1 S 5 B ) IS 31 §3(0)
IT { - RW-55 L0226 A 30.4 0.024 0.129 i B [ 175| 1810 [25.6 25.0 27 139.7] .GLG{RC |
II | - RW-56 L0225 A 30.9 0.0240.124 ' B5 11751 2500 [35.3 0.1 (2)|80.8] -~ | .938|¥Y=%¢2)
I 1 - hw-58 L0227 A 30.d 0.02d c.12y T " 85 131751 2090 [27.8 59.9 - [38.9] .Ti5[RC
NOTES:
(1) Mo content QL9G
(2) Feilure

(3) Flav grev through-the-thickness



Table XXI : SUSTAINED LOAD FLAW GROWTH IN Nzo“’ = -
( Base Metal At 105 OF ) R

| MATERIAL CRACK EXTESSION SUSTAINED LOAD TEST | Ko SLIH
. N . w * o
© |5 S 5 § B b TDE (zms) o | B < g
3B |Bge= . B =] & |ElEg e |E E1Els |8
A=Alr [SIR2] ~ 4 o
> £ E 2 M=Msthanol 22’ () (m.) g g S (r2s.) = S E ol
F=Freon MF|= }; i ; % ™
- | p |p-301}.0285 A 30.0 0.02600.125f UL 1102135 | 3300 {39.4 2h.2  {45.8] - | .BAOIYES
- | D D32 1.0t A 30.04 0,028 0.12¢€ i 105 {35 2800 [3%.4 24,1 4s. 8] - | .751{Y®S
- | b |D-33].02% A 30.0 0.020 0.127] N 108 35 3490 {LO.7 22.0 45.8] - | .B68{YES
- | D |p-3171.0284 A 30.d 0.02% 0.132 i 100 | 35 3110 I38.3 2L, 2 45 Bl - | .836lYES
- | D |35 1.0292 A 30.0 0.028C.12 T 105135 3650 {43.8 25,3 55 B - | 9561 YES
@ - | D {D-3% {.0290 A 30.00 0.030] 0.133 v 105135 2490 |31.3 k3.7 4s. 8] - 6831 30
- | D {FD-39].0289 ¥ 30.0 0.023]0.116 v 106 35 3350 [36.1 2h 1 5.8] - | .T88|YES
- | D |FD-41}.0292 F 30.04 0.02T 0,132 v 1057} 35 2380 1RE.& 32.5 5. 8] - LE20(R0
PR 52 o] BN ez o] ¥ 0.0 0. 026 0. 12 A 109135 2630 [31.1 51.3 5.8 JBTS{RG
* T
:

: ROTE:
: (1) % ‘content 0.49%




Table XXI1 : SUSTAINED LOAD FLAW GROWTH IN Np0

( Weld H.A.Z. At 105 OF)

MATERIAL CRACK EXTENSION SUSTAINZD LOAD TEST K1 I/
‘ T . .
GROSS| ENVIROR ” & 2 | = E o
o | = ‘o _ . 8~ s 13 : >
B1E g = A=Alr © &l(m.)](m.) g ;"“‘g(LBS.) E|lal & 8
£ |kE M<Mathanol ggg B e - Z|8|*
F=Freon MF|= {3 = = X
II| - |Aw-621.0221 A 30.010.026{0.111 "To0L 106 1175 { 2230 133.9 23.3 0.8 - | .831]YES
IIl - [Aw-63].0227 A 30.0]0.02310.115 " 102 [175 1 1930 k6.3 24,2 - 1,2l ,638IR0
11l - law-641,0220 A 130.0{0.02110.116 i 108 1751 1960 £5.9 23.0 - B.2| .6718{M
Il - [Aaw-65].0214 A 30.0]0.022{0.119 " 107 {1751 1990 P8.7 23.0 $0.8]1 - 1| .TO3|TRACE
MRV
O .
IT| - [Aw-50].0220 F 30.0]0.023[0.112 iR 106 {175 | 2330 I33.1 2k.0 Bl - | .B11{YEs
11l - {Aw-511,0216 F 30.010.026}0,116 i 103 {175 | 2180 R34.6 241 81 - | .,848IyES
11l - law-s2],0026 F 30.0{0.02410.117 " 105 {1751 1920 P7.0 23.9 0.8 - | .6621%
Il - fAw-53}.0217 F 30.0}0.023{0.120} " 10k f175 | 2000 P9.1 21.1 8] - | .T13|TRACE
II] ~ |Aw-54}.0221 F 30.0{0.024{0.109 i 105 {1751 1750 ph.6 22.1 Bl - 603 (%0




-

Table XXI1i : CYCLIC FLAW GROWTH IN VARIOUS ENVIRONMENTS

MATERTAL CRACK EXTENSION CYCLIC LOAD TEST- ‘ K1 IR
- o ) - b o
GROSS| ENVIRON. | o & = |5 N . £
q & |88 am| 82| a |2 g 2:@8 ow | |REET BB~ | E
o |HB =2 _ olE FAIWWRE | = - 2
g | = § A=Air S g (Ix.) & $ & &l (1ps.) ot &
£ |5 = M=Methanol g 2 (7. ) e & s 0)' he g E ,x
F=Freon MF|= [} & Bz X . .
D _ID12 |.0286 A 30.0{0.026|0.12k4 {Freon MF 65 0 | 2860 B3.6 1T 45,8 LT3 ,
- D _|p-14 [.6281 A 30.010.027(0,128 " 65 0 | 2136 Pp6.3 595 " .57h
D_{p-16 |.0301 A 30.010,03010.127 " 65 0 | 1505 19.1 5116 " b7
/ |
- D {p-13 [.0286 A 30.0}0.02310.129 Inhib.By0RN T5 0 | 2860 R2.2 338 i . 703
o - D {p-6 }.0323 A 30.010.023{0.128 " 75 0 | 2koo Pph.s 174% " .535
) D [p-18 {0291 A 30.0lc.00610.128] 7 75 0| 2182 Ps5.9 1054 v .566
- | |7 [0280 A 0.0[0.02510,134| Water | 75 | 0 | 2800 Bh.0| - 122 ) 742
- D |p-3 [.0368 A 30.010.02710.130 " 75 0] 2160 P5.6 75T " .559
- D D19 [.0288 A 30.0}0.02% §0.128 " 75 0 | 2016 P3.% 1389 v L5111
R 16 ].0629 M 14»0..0 0.043 ]0.1540 [Aerozene T2 0 { 5500 £7.8B 1755 533 L6I%
B 21 1.0636 M Lo, 00,035 0. 362 " T2 0 ] 8000 1.7 96 5.3 .G21
[ 1
I - Jw-13 l.0236 M $40.0]0.025 j0.0544 . " {10 150 | 2700 BL.9 10LL 39.3 . 888
I - |W-14 1.0233 M k0.0 [0.025 10. 0945 7 97 1150 | 2T00 6.2 516 35.3 .921

e

1) Max load, R = .05, 5 CPM
(2) 500 PPM Sodium Chromate




Table XXIV
SUMMARY OF SUSTAINED LOAD TH RESHOLD VALUES

ENVIRONMENT TEMP °F|  THRESHOLD - K“/K ,
: : le
BASE METAL | WELD H.A.Z.
M‘.eﬂ-\cnol 72 C.24 .28
Distilled H,O 65 .86 .86
Inhibited Distilled
Hy O 72 ..82 .82
(1) .58 40
Freon M .F. 63 — -
85 (2,) .58+ 40
MMH ' ‘ 105 75 .75
A . 65-79 .82. -
Aerozine 50 110 75 | s
70 .81 .81
N, O4 105 .70 69
’ "5(4) .65 —

(1) Freon Sample # 1
(2) Freon Sample # 2 See Table VII

(3) No Content 0.49% Except As Noted
(4) Data From Ref 9, No Content 0.25% -

b1
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e Coef, Equal to Unity for Internal Flaws. |

* SURFACE FLAW

I 8 L7777
: [
Ffeer o
. ___ _OPERATING 3 —
) T STRESS | | SRS
7 I ' R
% Lo INTERNAL FLAW S
) I .
o I 2
. a_ &>
| | T
7 \
@/Q). (e/Q)
FLAW SIZE | _ |
STRESS INTENSITY EQUATION: WHERE:
,. . * 12 ' ) , _ 0= Applied Stress |
Ke = L1 \ﬁT—O(a/Q)cr oo -~ Q=Shape Parameter (Ref 1)

Kyc = Plane Strain Fracture Toughness R
a = Flaw Depth (1/2 Depth for Internal flaws)

FIGURE 1: APPLIED STRESS VS. CRITICAL FLAW SIZE N
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Figure 3 : CRITICAL FLAW SIZE CURVES ( 2219-T87 Aluminum At -320 °F)
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“Figure 4 : SUSTAINED LOAD FLAW GROWTH CURVES FOR 2219-T87 ALUMINUM
& 5AL-2 1/2 Sn (ELD) TITANIUM AT -320F & -423 OF




Figure. 5: WELD SPECIMEN CONFIGURATION
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Figure 7 : BASE-METAL SPECIMEN CONFIGURATION
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- Figure 8 : APPROXIMATE STRESlS INTENSITY FACTORS FOR
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Figuré 15: SUSTAINED LOAD FLAW GROWTH IN METHANOL

( Base Metal At 72 OF )
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SPECIMEN # 5

BASE METAL ( FORGING A )
“SUSTAINED LOAD
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K;=38.9 KSI VTN

IN AEROZENE:

l"igure 29 : FRACTOGRAPH OF BASE METAL SPECIMEN
TESTED IN AEROZENE 50
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SPECIMEN # 44

BASE METAL ( FORGING C)
SUSTAINED LOAD
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- Figure 30 : FRACTOGRAPH OF BASE METAL SPECIMEN
TESTED IN INHIBITED WATER -

TL




SPECIMZN # W-26

- WELDMENT
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Ky =38.3 KSIVIN,
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Figure 31: FRACTOGRAPH OF WELD SPECIMEN TESTED
IN INHIBITED WATER " .
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Figure 32 : FRACTOGRAPH OF BASE METAL SPECIMEN
TESTED IN METHANOL
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